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Biphasic chemical reactions compartmentalized in small droplets offer advantages, such as stream-
lined procedures for chemical analysis, enhanced chemical reaction efficiency and high specificity of
conversion. In this work, we experimentally and theoretically investigate the rate for biphasic chemi-
cal reactions between acidic nanodroplets on a substrate surface and basic reactants in a surrounding
bulk flow. The reaction rate is measured by droplet shrinkage as the product is removed from the
droplets by the flow. In our experiments, we determine the dependence of the reaction rate on the
flow rate and the solution concentration. The theoretical analysis predicts that the life time τ of
the droplets scales with Peclet number Pe and the reactant concentration in the bulk flow cre,bulk
as τ ∝ Pe−3/2c−1re,bulk, in good agreement with our experimental results. Furthermore, we found that
the product from the reaction on an upstream surface can postpone the droplet reaction on a down-
stream surface, possibly due to the adsorption of interface-active products on the droplets in the
downstream. The time of the delay decreases with increasing Pe of the flow and also with increasing
reactant concentration in the flow, following the scaling same as that of the reaction rate with these
two parameters. Our findings provide insight for the ultimate aim to enhance droplet reactions under
flow conditions.
1 Introduction
Small-size droplets are omnipresent in nature and technology,
including lab-on-chip, emulsions, aerosols, sneezing and cough-
ing, cell metabolism compartments, heterogeneous catalysis,
polymer synthesis, micro-extraction, among many others.1–8 At
present, âA˘Ÿon-dropletâA˘Z´ chemistry attracts increasing research
attention.9 Chemical reactions compartmentalized in small-size
droplets can potentially be highly efficient with large through-
puts due to their high surface area-to-volume ratio and their dis-
crete nature.10–13 Noticeably, the kinetics of chemical reactions
on the droplet surface can be significantly enhanced.14 For in-
stance, chemical reactions in aerosol droplets are accelerated, in
some cases even by a factor of 106 compared to their bulk coun-
terparts.15,16 Acceleration can also be found in a diverse range
of biphasic reactions in confinement that involves two immiscible
fluids, such as in micro-sized emulsion droplets, thin liquid films,
inverted micelles or at the surface of aerosol particles.17–19 Apart
from the reaction kinetics, the intermediates or products from
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droplet reactions can also be different from those from the coun-
terparts in bulk.20 Some reactions that are impossible without
catalysts in the bulk can take place spontaneously in droplets. For
example, Nam et al. demonstrated that phosphorylation of sugars
occurred spontaneously in aqueous microdroplets.21 The shifted
balance and accelerated kinetics of reactions in small droplets
may demonstrate a plausible route to the production of complex
biomolecules outside of living systems.22 Reactions confined in
small droplets have been proposed to explain how synthetic reac-
tion for complex biomolecules that are thermodynamically unfa-
vorable in aqueous bulk could occur in the origin of life on early
earth.23,24
The mechanisms for reaction acceleration in droplets are still
unclear so far. Two possible explanations are proposed in the
literature. (1) In case of flying droplets in air created from elec-
trospraying, the solvent in the droplet may evaporate, leading
to rapid shrinkage in droplets size and the increase in the con-
centration of reagents inside droplets. In addition, reagent dif-
fusion is quick in small size droplets, which may contribute to
the enhanced reaction kinetics.16,25 (2) Another important effect
may be from the large surface area-to-volume ratio of droplets,
compared to larger drops or the bulk liquid. Nakatani and co-
workers found that electron transfer was accelerated at droplet
surface.26–28 Furthermore, Fallah-Araghi et al.22 demonstrated
that the reaction rate is inversely proportional to the droplet ra-
dius, related to the preference of product adsorption and desorp-
tion at the droplet interface that accelerates the rate and shifts























the balance of the chemical reaction.22 The active energy barrier
was found to be negligible for the reactions within droplets, possi-
bly due to the molecular configuration of reactants at the droplet
surface.21
How to distinguish between the relevance of these two sug-
gested mechanisms? Immersed surface nanodroplets provide
a unique platform for studying reaction kinetics under well-
controlled conditions, eliminating the influence from concentrat-
ing effects due to solvent evaporation though one has dissolution
effect. These droplets have a maximal thickness from several to
several hundred nanometers (namely nanodroplets) and a vol-
ume typically on the order of femto- or atto- liters, located on
the solid surface in contact with a bulk liquid that is immiscible
with the droplet liquid.1 The size distribution and the number
density of surface nanodroplets can be well controlled by solu-
tion composition and flow condition during a simple process of
solvent exchange.29? The droplet morphology can be tailored by
the properties and patterns of the substrates.30,31 The long term
stability of surface nanodroplets due to their poor solubility en-
ables us to track the reaction kinetics in-situ with sufficient tem-
poral and spatial resolution.
In this work, we investigate the rate of biphasic reactions be-
tween surface nanodroplets and the reactant solution in an exter-
nal flow. In our model systems, acidic droplets react with basic
solution in the flow. The product from the reactions is surface ac-
tive, carried away by the surrounding flow after desorption from
the reacting droplets. The combined effects from the reaction
and the mass loss of the product lead to the shrinkage of sur-
face nanodroplets. The objective of this study is to improve the
understanding of the chemical kinetics on the surfaces of small-
sized droplets. The findings will be valuable to guide the design
of droplet-based reactions in flows for heterogeneous catalysis,
micro-extraction and other applications.
2 Methodology
2.1 Chemicals and materials
Oleic acid (90%, Fisher Scientific), ethanol (90%, Fisher Sci-
entific), octyldecyltrichlorosilane (OTS) (95% Fisher Scientific)
were used as received without further purification. Water was
from Milli-Q (18.2 MΩ). Silicon substrates were hydrophobi-
lized with OTS, prepared by following a procedure reported pre-
viously.32 The OTS-coated substrates were cleaned by sonication
in ethanol for 10 min and dried in a stream of air before use.
Oleic acid (OA) was chosen as the droplet liquid. To perform
the solvent exchange, two solutions were prepared. The first so-
lution (solution A) was 2.4% (v/v) oleic acid in the mixture of
ethanol and water, where the ratio was 6.5:3.5. The second so-
lution (solution B) was water. To trigger the chemical reaction
of oleic droplets, solution C (sodium hydroxide aqueous solution)
was also prepared.
2.2 Formation of droplets
The solvent exchange was used to prepare reactive oil droplets
of oleic acid (see §2.2). Solution A introduced inside a house-
made fluid chamber was replaced by solution B. The design and
components of the fluid chamber are shown in Figure 1(a). The
height of the chamber (the distance between the substrate and the
cover glass) was 0.4 mm, the width of the chamber was 15 mm
and the length of the substrate was 25 mm in all experiments.
The solvent exchange was performed at 21◦C. The injection of
solution B was controlled at 500 µL/min in terms of volume flow
rate, to keep droplets formed with consistent number density and
size distribution. The initial surface coverage, the ratio of the
substrate’s surface area taken up by OA droplets after the solvent
exchange, was fixed about ≈ 4% for all groups of experiments.
Fig. 1 Schematics of the experimental set-up: (a) A fluid chamber for
solvent exchange and droplets reaction. The chamber consists of a top
cover glass, a spacer, and a base with inlet and outlet. The hydrophobic
substrate was attached to the base. The height of the fluid chamber was
adjusted by the thickness of the spacer. (b) The experimental set-up.
Oleic acid (OA) droplets on the substrate were formed by solvent ex-
change, and the alkaline solution was introduced from the inlet. NaOH
reacts with the COOH group of oleic acid at the droplet surface. (c) An
oleic droplet with a base radius R reacting with the alkaline flow. The
COOH group (purple head group in the sketch) reacts with OH−(orange
circle) in the alkaline flow, forming a COO− group (red dot). The re-
actant and the product have the same hydrophobic tail (black chain).
The blue arrow indicates the reaction. The product oleate desorbs from
the droplet surface, transported away by the flow as indicated by the red
arrow.
2.3 Chemical reaction
After formation of nanodroplets by the solvent exchange, solution
C was introduced into the fluid chamber to initiate the reaction,
2 | 1–10Journal Name, [year], [vol.],
as sketched in Fig. 1(b). The schematic drawing of the reaction
process in a single droplet is shown in Fig. 1(c). Owning to the
hydrophilic property, hydrophilic carboxyl groups of oleic acid at
the interface tend to stay at the water side. At the same time, hy-
droxide ions from the bulk are convected to the droplet interface
by the flow, attack carboxyl groups in the water side and convert
the acid to oleate. Due to its high surface activity, oleate stays
at the interface, and in a long term, gradually dissolves into the
aqueous phase and removed by the flow.
2.4 Parameter space for experiments
We conducted the experiments at different flow rate Q controlled
by a syringe pump. Q is the volume flow rate of the alkaline flow.








where D, U¯ , h and w are respectively the diffusion constant of
oleic acid, the average linear flow rate, the channel height (400
µm) and the channel width (130 mm). To study the effect from
the flow rate, the concentration of NaOH in the solution cre,bulk
was fixed at 4.0×10−4M while Pe varied from 5 to 198. The time
required for the solution to reach the same region of the surface at
different flow rate was predetermined in experiments by flowing
the solution inside an empty fluid cell at the same flow rate.
To investigate the concentration effect, we kept the Pe number
constant at 31, while the concentration of NaOH (cre,bulk) in the
solution varied from 1.0×10−4 M to 0.1 M.
2.5 Characterization of droplet size
Reaction processes were recorded in-situ by an upright mi-
croscope with video camera (Nikon, 10x objective lens, 0.24
µm/pixel, 15.0 fps). White-light LED was applied to trace the sur-
face of the substrate by bright field imaging. The filmed images
were processed by ImageJ and analyzed frame-by-frame by self-
written Matlab codes. Based on the binarized images, the surface
coverage SC, the base radius R with time, and the characteris-
tic lifetime τ are determined. Surface coverage of the droplets on
the substrate was analyzed over an area of 0.34 mm2 with around
2000 droplets.
3 Results and discussion
3.1 Dependence of droplet reaction rate on Pe
In order to obtain consistent initial droplet conditions, all exper-
iments were conducted from similar surface coverage (∼ 4%) of
droplets on the substrate with averaged droplets radius of ∼ 1.2
µm. Seven series of snapshots in Figure 2 reveals progressive
shrinkage of reacting droplets from reacting with the alkaline flow
at different flow rates. The time at the start of the reaction (t0)
shown in the first image of each row was defined as the moment
when the flow of the solution enters the field of the view. Figure
2 (h) shows the probability distribution functions (PDF) at vary-
ing Peclet numbers. Results provided in plots suggest that initial
droplet size distributions are highly consistent in the reactions
with the basic solution supplied at different flow rates. Therefore
any effect from different surface-to-volume ratios of the droplets
on the reaction kinetic is expected to be same in all experiments.
Starting from t0, droplets became darker in several seconds,
which is seen by comparing images in the first and the second
columns in Figure 2. The darker color of the droplets was possibly
due to the formation of the product that is surface active. Thus
the shape of droplets may change and appear darker in images.
In other words, the droplets were possibly covered by the product
from the reaction.
After a period of time from the arrival of the alkaline solution,
droplets started to shrink with a noticeable rate and eventually
disappeared from the surface. The droplets dissolved faster as
the Peclect number of the solution Pe increases. In the two most
apparent cases in Figure 2(a)&(g), at Pe = 198 the droplets com-
pletely dissolved in 85 seconds t, but dissolution takes 6 hours at
Pe= 5. As comparison, droplets had not shrunk after 8 hrs under
a continuous flow of pure water at 6 ml/h, showing that droplet
shrinkage was not due to the dissolution of the droplet liquid, but
due to the loss of the product from the chemical reaction. These
results clearly demonstrate that the flow rate of the reactant so-
lution has a significant impact on the rate of droplet reaction.
The quantitative analysis is shown in Fig. 3(a) where the tem-
poral surface coverage (normalized by surface coverage at t0) is
plotted as function of the Pe number of the alkaline flow. A gen-
eral feature is that there were two stages in the droplet dissolution
after the arrival of the reacting solution in the flow. At an initial
stage, the surface coverage and the droplet sizes did not experi-
ence significant shrinkage and showed somewhat flat responses
with time. At the second stage, the droplets started to shrink with
an increasing shrinkage rate. The higher Pe of the alkaline solu-
tion was, the earlier the surface coverage of the droplets started
to decrease. The droplets continuously dissolved till they disap-
peared. We note that a single exponential decay function cannot
completely fit the curve of droplet dissolution. Especially at the
late stage of dissolution, the slope of our experimental data is
much faster than that of the fitting line generated by a single ex-
ponential decay function (Fig. S1). The reason is that droplet
reactions take place in a background with product concentration
varying with time, which will be analyzed and explained in detail
later in §3.4.
Here we compare the difference in droplet lifetime for different
Pe numbers, measured by the shrinking rate in surface coverage
(Figure 3(b)). The colors of markers correspond to that in Figure
3(a).
The lifetime of droplets τ here is defined as the time from the
start of the reaction t0 to the moment when surface coverage SC
decreases to 10 % of the initial surface coverage, SC0. Remark-
ably, all the data collapse into a single universal curve with a best
fitting effective scaling exponent of −1.60, as indicated by the
solid black line in the plot. Note that the slope resulting from scal-
ing analysis (slope=−3/2, presented later in §3.2) is also shown
in the plot. We also tried to analyze half of the original region
(around 1000 droplets) and the analysis of fewer droplets can
still yield consistent results (Fig. S2).
In addition to the surface coverage, the lateral sizes R of indi-
vidual droplets were also analyzed, namely its dependence on Pe.
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Fig. 2 Optical images of reacting nanodroplets with alkaline solution of
different flow rates. The frame rates of the videos are 15 fps, and the
spatial resolution is 0.24 µm /pixel. The concentration of NaOH in each
group was controlled at 4.0×10−4 M. The flow rates from (a) to (g) were
respectively 17, 33, 50, 100, 215, 430 and 645 µL/min (corresponding
Peclet numbers (Pe=Q/(wD)) thus were 5 to 198). The droplets in
all images were produced by solvent exchange with exactly same flow
and solution conditions to make initial droplets with consistent size and
number density. (h) Probability distribution functions (PDF) of initial
droplet sizes at different flow rates. Data shown are from droplets with
the measured radius larger than 0.3 µm due to the spatial resolution.
The initial radii R0 of these droplets were all around 2.1 µm. We
analyzed the lifetime of individual droplets τ, as shown in Fig.
3(c). Consistent with the two-stage reaction, as highlighted in
Figure 3(a), individual droplets also exhibit the feature of two-
stage dissolution. The lifetime of individual droplets is shorter
when the reacting solution is supplied at a faster flow rate. Here
τ is the duration from the droplet in contact with the solution to
the end of droplet dissolution.
Fig. 3(d) quantitatively shows the droplets lifetime τ of indi-
vidual droplets as function of the Pe number. An effective scaling
law of τ ∝ Pe−1.53 was found from the individual droplets, which
fairly agrees with that found from the overall surface coverage
(Figure 3(b)).
To support that the results are unaffected by the droplet size,
the lifetime of two additional groups of droplets were also ana-
lyzed at different Pe. The initial radii R0 of droplets in these two
groups were around 1.5 µm and 4.0 µm respectively. The effective
scaling laws yield by these two groups were Pe−1.63 and Pe−1.58
(Fig. 3(e)&(f)), consistent with results in the 2.0 µm initial radii
group. Results from droplets with other initial sizes are shown in
Fig. S3.
3.2 Dependence of droplet reaction on NaOH concentration
It is expected that the droplet dissolution rate is influenced by the
concentration of the reacting solution. At identical flow condi-
tions, we examined droplet reaction rates as the concentration of
the alkaline solution was varied over three orders of magnitudes.
Figure 4 displays microscopic images of oleic acid droplets dis-
solving in alkaline flow with different sodium hydroxide concen-
tration. The difference in the lifetime of droplets shown in each
row in Figure 4 demonstrates that the droplets dissolve faster at
a higher concentration of the alkaline solution. The lifetime τ
drops from ∼4400 seconds for 10−4M NaOH concentration (Fig-
ure 4(a)) to nearly 7 seconds for 0.1M NaOH concentration (Fig-
ure 4(g)). Figure 4 (h) demonstrates the probability distribution
functions (PDF) at varying NaOH concentrations. Results pro-
vided in plots suggest that initial droplet size distributions are
highly consistent in the reactions at different NaOH concentra-
tions.
We noticed that for high NaOH concentrations, some residues
were found at the end of the reaction (last column in Figure
4(e)∼(g)). The residues with irregular shapes may be the prod-
uct that did not dissolve into the alkaline flow immediately after
the chemical reaction. At higher NaOH concentrations, the chem-
ical reaction is very fast, and thus the local concentration of the
product near the droplets becomes higher. The product cannot be
transported by the flow immediately, resulting in residues left on
the substrate.
We now want to quantitatively obtain the dependence of the
droplet lifetime τ on the concentration of the alkaline solution.
Therefore, similar to our above analysis for the effects from the
flow rate, the normalized surface coverage SC/SC0 as function of
time is presented in Figure 5(a). Again, there is always a two-
stage decrease in droplet surface coverage: not much change at
the beginning and then a sudden decrease after a certain transi-
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Fig. 3 (a) Normalized surface coverage as function of time for droplet reaction at different flow rates. SC: surface coverage; SC0: initial surface
coverage. (b) Droplet lifetime τ as function of Peclet number. τ on the x-axis is the time required for SC/SC0 to reach 0.1. (c) Normalized lateral
radius as function of time for individual reacting droplets at different flow rates. Droplets presented here all have a similar initial size (∼ 2.1 µm) and
located at a similar location on the substrate. As the optical resolution of the microscope was 0.24 µm/pixel, the droplets once smaller than 0.24
µm in lateral diameters cannot be resolved. (d)−(f) Droplet lifetime τ based on the droplet radius as function of Peclet number. The initial radii of
droplets in (d), (e), and (f) were around 2.1, 1.5, and 4.0 µm, respectively. The initial τ is the time required for R/R0 to reach 0.1. The data in (a)
and in (c) were obtained from the analysis of the images (b)−(g) in Fig.2 and data in (b) and in (d)−(f) were from (a)−(g) in Fig.2. The black lines
in (b) and (d)−(f) were obtained by fitting the experimental data, while the blue dashed lines represent the result τ ∝ Pe−3/2 from the scaling analysis.
tion. The first stage of the droplet reaction is the shortest as the
reactant concentration of the flow is the highest.
Fig. 5(b) shows the effective scaling relationship between the
droplet lifetime and reactant concentration in the flow quanti-
tatively. The lifetime of the droplets effectively scales as τ ∝
crc,bulk−1. The exponent of −1.0 fits the dissolution rate of the
droplet radius as function of the concentration of alkaline over
three orders of magnitude (0.1M−10−4M).
3.3 Scaling analysis of droplet reaction with the flow
In this subsection, we focus on the theoretical analysis of the cou-
pled effects from the flow and the reactant concentration on the
reaction rate of surface nanodroplets. We consider that the over-
all process of the droplet dissolution consists of four sub-steps:
(i) mass transport of the reagent (alkali) in the flow, (ii) chemical
neutralization at the droplet surface, (iii) desorption of the prod-
uct from the droplet surface, and (iv) the transport of the product




In the droplet, the concentration of the acid is 100% (i.e. pure
oleic acid). The alkali in the flow must reach the droplet surface
to react. The amount of reactants supplied by the flow to the
droplet surface per unit time is proportional to the Pe number
of the reacting flow and the concentration of the reactant in the
bulk. Meanwhile, the depletion of alkali, which results from the
reaction in the boundary layer adjacent to the droplet surface, can
be immediately replenished by the influx from the flow due to the
abundance of alkali in the flow.
For given time, as the neutralization is a fast reaction, we as-
sume that the concentration ratio of the free acid and the product
reaches the dynamic equilibrium immediately. The product con-
centration at interface cpr,sur is governed by the kinetics of the
neutralization between oleic acid and sodium hydroxide.
cpr,sur ∼ Krcre,sur. (3)
Kr is the equilibrium constant of the forward chemical reaction
(2), which is determined by the Gibbs free energy of the chemi-
cal reaction with the droplets, independent of Peclet number and
reactant concentration. In the range of reactant concentration for
all our experiments, the droplet surface can be fully converted to
the product when the reaction takes place in a fixed environment
without the flow.33 However, under the flow condition, the prod-
uct concentration at the interface cpr,sur is dependent on Peclet
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Fig. 4 Optical images of surface nanodroplets reacting with the alkaline
solution of different concentrations. The frame rate of videos was 15 fps,
and the resolution was 0.24 µm /pixel. The flow rate for all groups from
(a-g) was same, controlled at 100 µL/min (Pe=31). The concentration
of alkaline in the solution Cre,bulk was 1.0×10−4M (a), 3.2×10−4M (b),
4.0×10−4M (c), 6.3×10−4M (d), 0.001M (e), 0.01M (f), and 0.1M (g).
(h) Probability distribution functions (PDF) of initial droplet sizes at
different NaOH concentrations. Data shown are from droplets with the
measured radius larger than 0.3 µm.
number, as the product is removed from the surface constantly by
the flow.
We consider a simple mode in the analysis of a droplet with
the shape of a spherical cap, assuming the droplet dissolves in a
constant contact angle, same as the situation of dissolving nan-
odroplets in a flow reported in the literature.31? The mass loss
rate m˙pr of the product from the droplet is given by the product
concentration gradient ∂rcpr|R at the interface,
m˙pr ∝ ρR2R˙ ∝ DR2∂rcpr|R, (4)
where R and ρ are respectively the droplet radius and the density.
The concentration gradient at the droplet surface ∂rcpr|R can be
estimated from the product concentration difference between the
oleate concentration in the flow cpr,∞ and at the interface cpr,sur
and the thickness λ of the concentration boundary layer. As-
suming the product concentration in the flow is negligibly small
(cpr,∞ ≈ 0), we then obtain




Here the diffusive boundary layer of the product is assumed to








From here we immediately deduce the scaling of the life time τ







Now the concentration of the product on the surface linearly de-
pends on the supply rate of reactant by the flow, i.e. on Pe.
cpr,sur ∝ PeKrcre,bulk. (9)
Coupling equation (8) and (9) leads the scaling law for the life-
time of droplets as function of the Pe number and the concentra-
tion of the alkaline flow Cre,bulk as
τ ∝ Pe−3/2(Krcre,bulk)−1. (10)
3.4 Postponed reactions of downstream droplets
Oleates produced by chemical reaction upstream can be trans-
ported along the flow to downstream droplets. However, as the
product is surface active, their adsorption on the surface of pris-
tine droplets may influence the reaction of droplets along the path
of the flow that is doped with the product. Here we examine the
effect of the product from the upstream droplet reaction on the re-
action with downstream droplets. While we reported the dissolu-
tion rate by comparing the change of the overall surface coverage
in time, it is worth to note that the dissolution of droplets prop-
agates along the flow direction. Figure 6(a) shows a snapshot
taken from the video (Pe = 31, cre,bulk = 4× 10−4M). The whole
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Fig. 5 (a) Normalized surface coverage as function of time for droplets reacting with the alkaline solution of different concentrations. SC: surface
coverage; SC0: initial surface coverage. Data in (a) was obtained from the analysis of the images in (a)−(g) in Fig. 4 (b) Droplet lifetime τ as function
of alkaline concentration. τ on x-axis is the time required for SC/SC0 to reach 0.1. Multiple data points for one concentration are the repeating
experiments with initial surface coverage in a small range of variation (3%∼ 6%).
snapshot was divided into several regions. Two of these regions
were defined as ’upstream region’ and ’downstream region’, re-
spectively. Although the droplets in the upstream (blue) region
have fully disappeared, those in the downstream (brown) region
still remain intact.
It is remarkable that the product from the upstream region can
completely inhibit the reaction of droplets in the downstream
region. A possible explanation for the inhibition effect is that
the product from the droplet reaction that happened upstream is
transported to the surface of the droplets located downstream.
Owning to the high surface activity, the product in the flow read-
ily adsorbs onto the droplet surface downstream, and inhibit the
reaction and stabilize the coated droplets. After the upstream
droplets were depleted, there is no more continuous supply of
the product from the upstream region. The product attached to
the downstream droplets then is gradually flushed away with the
fresh flow. The acid in the droplet becomes exposed to the al-
kali in the flow, initiated the shrinkage of the droplet from the
reactions downstream. In this way, the droplets on the substrate
progressively react with the alkali in the flow and dissolve gradu-
ally along the flow direction.
Since the product concentration influences the the surface cov-
erage of the reactant on the droplet surface and consequently the
reaction rate, we are not able to obtain the kinetic constant based
on the initial concentration of the reactant with product concen-
tration varying with time. For the same reason, we cannot calcu-
late the Damkohler number (Da), a dimensionless number relat-
ing the chemical reaction timescale to the mass transport. How-
ever, the strong influence of the flow rate on the lifetime of the
droplets suggests that Da is larger than 1 under all of our flow
rates. That is, the rate-limiting step is not the reaction rate but
mass transport.
Fig. 6(b) and (c) compares how the normalized surface cov-
erage (normalized by initial surface coverage) evolves upstream
and downstream under different flow rates (the life time τ starts
when the alkaline flow reaches the observed region). The gap
between the upstream and downstream dissolution curves rep-
resents the timescale of the delay. The delay is shorter for the
higher flow rate. Fig. 6(d) shows the scaling relation between
the timescale and the Peclet number. The result demonstrates
that the timescale of the delay also obeys the scaling law τ ∝
Pe−3/2. The delay τ represents the time consumed for depleting
all droplets in between the upstream and the downstream region.
The reason why the scaling for the delay again is −3/2 is simple.
The downstream reactions speed up only when upstream droplets
have already dissolved. So that the delay between two different
regions should be similar to the timescale for droplets between
these two regions to react and dissolve.
The delay can also be quantified in the solution of different
concentrations while the flow conditions of the solution flow are
constant. Fig. 6(e) shows the temporal evolution of normalized
surface coverage upstream and downstream for different NaOH
concentrations. The delay is shorter for the higher concentration
of alkali. The relationship between the timescale for the delay
and NaOH concentration seen in 6(f) also obeys the scaling law
τ ∝ c−1re,bulk. This scaling is entirely consistent with the correlation
between the lifetime of droplets and the alkali concentration in
the flow shown in Fig. 3.
The dissolution of non-reacting droplet array exposed to a flow
of immiscible liquid has been studied in previous work. It was
found that not only the flow rate but also the location of the
droplet in the array influence the rate of droplet dissolution.31
Droplets at the corners and the edges of the arrays dissolve faster
than the droplets surrounded by many neighbours due to col-
lective effect in droplet dissolution. The collective effects are
more pronounced at low flow rates,34,35 resembling the delay
of downstream droplet reactions observed in our present work.
The lifetime of the non-reacting droplets followed the scaling law
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Fig. 6 (a) An optical image showing the delayed downstream reaction, taken from the same experiment as Fig. 2(d), at t = 1240s (Pe=31,
cre,bulk = 4.0× 10−4M). The red arrow indicates the direction of the alkaline flow in X direction. The distance between the defined upstream region
(blue shaded) and the downstream region (orange shaded) is 345.6 µm. Both regions span 172.8 µm along X direction. The width of the field of view
is 499.2 µm. (b) and (c): the surface coverage normalized by its initial value (SC/SC0) as function of time for different Peclet numbers in upstream
(darker plots) and downstream (brighter plots) regions. The arrows indicate the measured delayed time τ for each flow rate between upstream and
downstream. τ is the average time difference between upstream and downstream for the normalized surface coverage SC/SC0 to reach 0.2, 0.3, 0.4, 0.5
and 0.6. (d) τ as function of Peclet number. The black line was obtained by fitting the experimental data, while the blue dashed line was derived from
the scaling analysis. (e) Normalized surface coverage (SC/SC0) in upstream (darker symbols) and downstream (brighter symbols) regions as function
of time at different alkaline concentrations. (f) τ as function of the alkaline concentration. The black line was obtained by fitting the experimental
data, while the blue dashed line is from the scaling analysis.
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τ ∝ Pe−1/2, clearly different from the case of reacting droplets in
our cases. As shown here, the difference in the scaling relation
with Pe can be attributed to the effect of the transport of reac-
tants with the flow.
4 Conclusions
We investigate the kinetics of chemical reaction between surface
nanodroplets and the solute in a flow, and establish the relation-
ships between the reaction rate of the droplets as revealed by their
shrinkage and the flow rate and the reactant concentration in the
bulk. The reaction of the droplets becomes faster at higher flow
rate or with a higher concentration of the reactant in the flow. The
droplet reaction time scales with∼Pe−3/2c−1re,bulk. Enhanced trans-
port of the reactant and of the product from the droplet surface
by the flow contribute to accelerated kinetics of droplet reaction.
Along the direction of the flow, the product from the upstream
reaction postpones the reaction of the downstream droplets.
As demonstrated in this work, even a simple acid-base reaction
that takes place at the interface between the droplets and the im-
miscible flow can involve complicated mechanisms influenced by
chemical kinetics, interface phenomena, convective and diffusive
transport. The understanding presented in this work provides a
useful insight into the design and control of droplet reactions in
a broad range of applications, such as droplet-based sensing, het-
erogeneous catalysis or polymer particle synthesis.
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